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Abstract 

Refractory-composite/heat-pipe-cooled wing and tail leading edges are being 
considered for use on hypersonic vehicles to limit maximum temperatures to values 
below material reuse limits and to eliminate the need to actively cool the leading edges. 
The development of a refractory-composite/heat-pipe-cooled leading edge has evolved 
rrom the design stage to the fabrication and testing of heat pipes embedded in 
carbon/carbon (C/C). A three-foot-long, molybdenum-rhenium heat pipe with a lithium 
worlang fluid was fabricated and tested at an operating temperature of 2460°F to verify 
the individual heat-pipe design. Following the fabrication of this heat pipe, three 
additional heat pipes were fabricated and embedded in C/C. The C/C heat-pipe test 
article was successfully tested using quartz lamps in a vacuum chamber in both a 
honzonta! and vertical orientation. Start up and steady state data are presented for the 
C/C heat-pipe test article. Radiography and eddy current evaluations were performed on 
the test article. 


Introduction 

Stagnation regions, such as wing and tail leading edges and nose caps, are critical 
design areas for hypersonic aerospace vehicles because of the hostile thermal 
environment those regions experience during flight. As a hypersonic vehicle travels 
through the earth s atmosphere, the high local heating and aerodynamic forces cause 
extremely high temperatures, severe thermal gradients, and high stresses. Analytical 
studies and laboratory and wind tunnel tests [1-12] indicate that a solution to the thermal- 
structural problems associated with stagnation regions of hypersonic aerospace vehicles 
might be alleviated by the use of heat pipes to cool these regions. Recent work to 
develop a novel refractory-composite/refractory-metal heat-pipe-cooled leading-edge 
concept for hypersonic vehicles combines advanced high-temperature materials, coatings, 
and fabrication techniques with an innovative thermal- structural design. Preliminary 
design studies [13] indicate that a heat-pipe-cooled leading edge can reduce the leading- 
edge mass significantly compared to an actively cooled leading edge, can completely 
eliminate the need for active cooling, and has the potential to provide failsafe and 
redundant features. 



The present paper discusses several tests to help verify the fabrication and 
performance of a heat-pipe-cooled leading edge for hypersonic vehicles. A three-foot- 
long molybdenum-rhenium (Mo-Re) “D-shaped” heat pipe was fabricated and heated 
with induction heating in a vacuum chamber to an operational temperature of 2460°F. 
The heat pipe used lithium as the working fluid and had a “D-shaped” cross-section. The 
heat-pipe wick was constructed of 400 x 400 mesh Mo-Re screen with a single artery 
along the length of the heat pipe. The same design was used to construct three additional 
heat pipes which were embedded in C/C. The C/C test article was then tested with quartz 
lamps in a vacuum chamber in both the vertical and horizontal orientation. All of the 
heat-pipe fabrication was performed at Los Alamos National Laboratory (LANL) and the 
testing was performed both at LANL and NASA Langley Research Center. 

Description of Heat-Pipe-Cooled Leading-Edge Concept 

Heat pipes are being considered for use on both the wing and vertical tails of 
hypersonic vehicles. A brief description of how heat pipes operate and are applied for 
leading-edge cooling is first presented, followed by a description of the proposed heat- 
pipe-cooled leading-edge concept. 

Leading-Edge Heat-Pipe Operation 

Heat pipes transfer heat nearly isothermally by the evaporation and condensation of a 
working fluid, as illustrated in Figure 1. The heat is absorbed within the heat pipe by 
evaporation of the working fluid. The evaporation results in an internal pressure 
differential that causes the vapor to flow from the evaporator region to the condenser 
region, where it condenses and gives up heat. The cycle is completed with the return 
flow of the liquid condensate to the evaporator region by the capillary action of a wick. 
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Pigure 1: Schematic diagram of the operation of a heat pipe showing the heat-pipe 

container, working fluid, and wick. 

Heat pipes provide cooling of the stagnation region by transferring heat nearly 
isothermally to locations aft of the stagnation region, thus raising the temperature aft of 
the stagnation region above the expected radiation equilibrium temperature. When 
applied to leading-edge cooling, heat pipes operate by accepting heat at a high rate over a 
small area near the stagnation region and radiating it at a lower rate over a larger surface 
area, as shown in Figure 2. The use of heat pipes results in a nearly isothermal leading- 
edge surface; reducing the temperatures in the stagnation region and raising the 
temperatures of both the upper and lower aft surfaces. 
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Figure 2: 


Schematic diagram of a heat-pipe-cooled leading edge showing 
heat input (evaporator) and net heat output (condenser). 


regions of net 


Carbon/Carbon Heat-Pipe-Cooled Wing-Leading-Edge 

A C/C heat-pipe-cooled wing-leading-edge is illustrated in Figure 3 ri41 The heat 

Sirfla^naToft^ "n™? 1 tO Ule l e3ding edge and have a “D-shaped” cross section, with 
th J the P forming the wing-leading-edge outer surface. A cross section of 

£f C/C in An d a ? 15 S , hOW ? ln . Flgure L 3 illustrating the “D-shaped” heat pipes embedded in 
JJj t P /C ‘ An alternatin g J-tube configuration was selected to minimize heat-pipe spacing 

c/c ltrur fn T r egl ° n t heatl f ng is hi S hest > and at the same time minimize mass Thl 

^ fV. StainS I ? OS L t ° f 1116 mechanica l structural loads and also offers ablative 
protection in the event of a heat-pipe failure. 
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Figure 3: 


Schematic drawing of a hypersonic vehicle with a diagram of a heat-pipe 
cooled wing leading edge. F F 


f™- 7?® maximu ™ operating temperature capability of coated C/C composite materials 

mltfk Pr I m t ry structure ll of i ! he leading edge is high (~3000°F) relative to refractory 
metals, which are typically limited to approximately 2400°F. The potentially higher 

S t ®”JP e ^ ature . of the present concept increases the radiation heat-rejeclion 
ffad?na C L° f heat i?P e - c °°le d leading edge and permits reductions in the mass J of the 
leading edge for a given leading-edge radius. In addition, the higher operating 

^ P ^ atUre mc / ease j 1116 tota l. hea t load that can be accommodated passively by the heat 
ZJino’™ ° r f COn /f tlve cooIin S required). For many trajectories, the high 
dnrina hnfh perat !f res P 1 " 6861 ? 1 desi S n he lp eliminate the need for active cooling 

r"“ 8 n bo f th ascent a ud descent, thus eliminating the need for carrying additional 
ydrogen fuel (coolant) into orbit. Since many hypersonic vehicles return unpowered for 
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landing, the additional hydrogen fuel needed for cooling during descent would result in a 
mass penalty. 

Results and Discussion 

Initially, a single heat pipe with a “D-shaped” cross section was fabricated and tested 
to 2460°F in a vacuum. Upon determining that the heat-pipe design was adequate, three 
additional heat pipes were fabricated. These three heat pipes were then embedded in C/C 
and tested in a vacuum chamber. A discussion of each of these heat-pipe tests follows. 


Design Validation Heat Pipe 


A “D-shaped” heat pipe was fabricated and tested to determine the performance 
characteristics of the heat pipe designed for cooling the wing leading edge. A description 
of the fabrication procedure for the heat pipe is given followed by a discussion ot the 
heat-pipe testing. Both the fabrication and testing of the design validation heat pipe were 
performed at LANL. 



Figure 4: Photograph of a section of “D-tube” and screen wick. 


Figure 5 



Photograph of the parts of the heat pipe prior to final welding, showing the 
“D-shaped” screen wick, heat-pipe container, end caps, and fill tube. 
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The heat pipe was fabricated from a Mo-41Re “D-shaped” tube that was drawn from 
"r, Ca A bar 3t Thei ™°Electron Tecomet, Wilmington, MA. A screen wick was 
fabricated by wrapping four layers of 400 x 400 mesh Mo-5Re screen around a “D- 
shaped mandrel. Figure 4 shows a photograph of a section of the “D-tube” and the 
screen wick. A 0 10-in-diameter artery was included in the wick. The artery is located in 
the top center of the curved portion of the heat pipe and has a spring in it to help maintain 
its shape. Superimposed in Figure 4 is a photograph of the closeout at one end of the 
lck. One end of the wick is closed out as in the photograph, while the other end is open 
and is covered by a pool of liquid lithium during operation. Mo-41Re end caps were 
machined and welded to the ends of the heat pipe. A photograph of all of the individual 
parts pnor to the final assembly is shown in Figure 5. 

After the heat pipe was assembled, Li vapor was distilled into the heat pipe A 
schematic diagram of the distillation apparatus is shown in Figure 6. The distillation pot 
was heated by induction heating. All of the lithium was distilled into the heat pipe to 
insure the purity of the lithium. After the lithium was distilled into the heat pipe, the heat 
pipe was closed by the use of a valve 
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The heat pipe was placed in a vacuum chamber with the flat side up. Water cooled 
cooper coils were wrapped around an approximately 4-in. length of the heat pipe near the 
end of the heat pipe. The heat pipe is shown in the vacuum chamber in Figure 8 (the door 
of vacuum chamber is removed to show the heat pipe) with the induction heating coils 
around the heat pipe and the thermocouples mounted on the flat surface of the heat pipe. 


Heat flux 



Figure 7: Schematic diagram showing the location of the thermocouples on the heat 

pipe. 

The "D-shaped" Mo-Re heat pipe was placed in a vacuum chamber and heated by 
induction heating. The induction heating coils initially heated approximately 4 in. of the 
heat-pipe length. After several preliminary tests in which the "D-shaped" Mo-Re heat 
pipe was checked to ensure proper operation, the steady state throughput of the heat pipe 
was measured at different power supply settings. The throughput was the total integrated 
heat flux into the evaporator that was transferred to the condenser and radiated away by 
the outer surface of the heat pipe. The calorimeter that was used to determine the 
throughput is shown in Figure 9 along with the instrumented heat pipe. Prior to 
calibration, the length of the induction heating coils was reduced from 4 in. to 2 in. This 
reduction enabled the heat flux to be doubled while maintaining the same throughput and 
maximum operating temperature. 



Figure 8: Photograph of the heat pipe in the vacuum chamber showing the heat pipe 

with thermocouples mounted on the flat surface and induction heating coils 
wrapped around a portion of the heat pipe. 

During calibration, the heat pipe was slowly brought to a temperature of 2370 F, and 
steady state operation was obtained at various intermediate temperatures, as shown in 
Figure 10. The temperatures were monitored with both an optical pyrometer and 
thermocouples mounted on the heat pipe. Knowing the steady state temperature of the 
heat pipe, the heat radiated away (the throughput) could be related to the setting on the 
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power supply. The throughput for the steady state conditions are listed on the figure. 
However, due to the temperature dependence of the electrical resistance of the Mo-Re 
material, the heat input at a given power setting is different for different heat-pipe 
temperatures. Thus, the heat input determined from the measured throughput is not as 
accurate during transient conditions as during steady state operation. The heat pipe 
appeared to operate normally and maintained a nearly uniform temperature along its 
length. 



Figure 9: Photograph of the heat pipe with thermocouples and the calorimeter used to 
determine the throughput. 

The heat pipe appeared to operate normally and maintained a nearly uniform 
temperature along its length. As mentioned previously, the first thermocouple was 
mounted over the endcap. Since it was mounted over the endcap, which was inductively 
heated but not cooled by the heat pipe, the first thermocouple temperature is slightly 
higher than the rest of the heat pipe. After the heat pipe reached a steady state 
temperature of ~2370°F, the power to the heat pipe was turned off and the heat pipe was 
allowed to cool. 



Figure 10: Steady state temperature distributions for a range of heat fluxes. (T = ±1%) 
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Inspection of the heat pipe after removal from the vacuum chamber indicated that 
several of the thermocouple wires were cracked near the location where they were 
welded to the Ni foil. All of the thermocouple wires were then cut off near where they 
were welded to the Ni foil. To hold the thermocouple wires steady and to decrease the 
chance of the wires cracking, the alumina insulation around the thermocouple wires was 
held in place with thin-gage tantalum wire. The thermocouple wires were then spot 
welded to the Ni foil on the Mo-Re heat pipe. The heat pipe was then placed in the 
vacuum chamber for subsequent induction heating. 

During the heating of the heat pipe, it was noticed that the evaporator end cap of the 
heat pipe was much brighter in color (and thus hotter) than the remaining portion of the 
heat pipe. The end cap was too close to the induction heating coils, and as a result, was 
being inductively heated. The portion of the heat pipe directly under the induction coils, 
though receiving a high heat flux due to the inductive heating, was being cooled by the 
operation of the heat pipe. The end cap, however, was not cooled, but was inductively 
coupled. The heat pipe was heated to approximately 246p°F, with a heat flux in the 
evaporator region (under the induction coils) of 141 Btu/ft -s, and a throughput of 3.1 
Btu/s. When the heat-pipe operating temperature reached ~2460°F, the temperature of 
the end cap of the heat pipe was approximately 2820°F. It was then noticed that the flat 
portion of the heat pipe had deformed outward, and was no longer flat. The power to the 
induction heaters was turned off, and the heat pipe was allowed to cool. 

After the heat pipe cooled down to room temperature, it was visually inspected. The 
permanent deformation of the flat surface resulted in a cross-sectional thickness increase 
from 0.32 in. to 0.398 in. The increase in cross-sectional thickness was measured with a 
micrometer on the outside of the heat pipe. The deformation of the heat pipe occurred 
over nearly the entire length of the heat pipe. The last few inches of the condenser end of 
the heat pipe did not deform since it was at lower temperatures and pressures. In addition 
to the softening of the Mo-Re with increased temperature, the vapor pressure of the Li 
increases exponentially with temperature. During the initial test with the heat pipe 
operating at ~2370°F, the vapor pressure in the heat pipe was 1 1 psi and no permanent 
structural deformation occurred. The vapor pressure in the heat pipe during operation at 
~2460°F was 16 psi. However, with an end cap temperature of ~2820°F, the local 
pressure in the region of the end cap was 52 psi. 



Figure 1 1 : Photograph of the Li leak in the heat pipe. 

A decision was made to continue testing the heat pipe by starting up the heat pipe 
with step changes in the applied heat flux occurring every two minutes. The heat pipe 
began to start up as expected. However, a small jet of vaporized Li was soon observed in 
the vicinity of the first thermocouple as shown in Figure 11. The heat pipe was operated 
for another 10 minutes, and then the power to the power supply was turned off. Since the 
heat pipe was fabricated with a small surplus of Li, and since the rate of mass loss of Li 
from the leak in the heat pipe was quite small, the operation of the heat pipe would not be 
effected until all of the surplus Li had escaped from the heat pipe. The region where the 
leak occurred was at thermocouple number 1 . Thermocouple number 1 had been welded 
to the Ni foil three times, while all other thermocouples had only been welded twice. In 
addition, all the thermocouple spot welds were done in an open atmosphere. As 
mentioned previously, the temperature of the heat pipe in the region of the first 
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thermocouple reached 2820°F. Since the eutectic temperature of Mo and Ni is 
approximately 2400°F, it is likely that some melting of the heat pipe occurred. When the 
heat pipes are embedded in C/C, thermocouples will not be welded to the heat pipe and 
heat-pipe leaks should not occur. ’ 

Though a leak occurred in the heat pipe, the heat pipe did start up from the frozen 
state as expected. A plot of the temperature versus time from the thermocouples is shown 
in Figure 12. Thermocouple number 1 is in the evaporator region near the end cap while 
thermocouples 2-10 are located in the condenser region. Thermocouple number 4 is not 
shown on the figure since the data were in error. The sharp gradient at the thermal front 
can be observed in the figure from the sharp rise in temperature at a given location. The 
power to the heat pipe was increased at approximately 400 sec, and turned off at 
approximately 1000 sec. 



Figure 12: Temperature versus time at various thermocouple locations during start up 
from the frozen state of a Li/Mo-Re heat pipe. (T = ±1% above 800°F) 

_ Two problems (deformation of the heat pipe during operation at a temperature of 
2460 F and a leak at the location of a thermocouple) arose during the testing of the heat 
pipe. Though both of these occurrences were problematic during the testing, they should 
be less problematic in the actual application where the heat pipes are embedded in a C/C 
material, and no thermocouples are welded on the heat pipe. Prior to embedding the heat 
pipes in C/C, it is desirable to test the heat pipes at the operational temperature. Since the 
anticipated operational temperature is in the range of 2200-2300°F, the heat pipes can be 
tested below the temperature at which deformations are expected to occur. The above 
tests have also identified the need for non-welded temperature measurements for the heat 
pipe during start up and operation. 

The greatest shortcoming of the heat-pipe tests conducted during this study was an 
mabdity to measure precisely the heat input to the heat pipe from the induction heating. 
The heat input to the heat pipe while operating at steady state conditions can be 
determined from an energy balance equating heat in and heat out. However, during start 
up, the heat into the heat pipe is not equal to the heat leaving the heat pipe. Since the 
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electrical resistance of the heat-pipe material varies as a function of temperature, the heat 
into the heat pipe varies during start up even with constant power settings on the power 

supply. 

A non-linear structural finite element analysis was conducted to estimate the 
deformation of the heat pipe during operating conditions. A model of a “D-shaped” tube 
was generated using PATRAN [15] and the non-linear analysis was performed using 
NASTRAN [16]. Although the actual heat pipe was 36-in. long, only a 3-in-long 
segment of the heat pipe was modeled for the finite element analysis. The use of a 3-in- 
long segment in the finite element model was possible since the finite element analysis 
confirmed that edge effects of the end of the heat pipe were no longer present 3 in. from 
the evaporator end of the heat pipe. This length reduction resulted in a significant 
savings in computer time. The “D-shaped” tube was assumed to have a constant 
temperature of 2460°F, which resulted in an internal vapor pressure of 16 psi. Since the 
actual test was conducted in a vacuum chamber, no external pressure was applied m the 
finite element analysis. A solid end plug was located in the evaporator end of the actual 
heat pipe. The end plug was modeled in the analysis by restricting both the translations 
and rotations of one end of the model. Since a complete set of mechanical properties was 
not available for arc-cast Mo-41 Re, temperature dependent stress-strain curves and a 
temperature dependent coefficient of thermal expansion for powder metallurgy (PM) Mo- 
50Re were used for most of the analysis. However, yield and ultimate stresses were 
available for arc-cast Mo-41 Re at 2600°F, and the corresponding PM Mo-50Re stress- 
strain curve was modified to take into account the arc-cast Mo-41 Re properties. T e 
non-linear finite element analysis predicted an expansion of only 0.014 in. in the cross- 
sectional expansion of the heat pipe, as shown in Figure 13. The actual growth of the 
heat pipe was approximately 0.080 in. It is thought that the difference between the 
actual expansion of the heat pipe and the finite element analysis prediction of the 
expansion is due to creep. 


Exaggerated deformed shape, 0.314 in. 
(10 times actual displacements) 



Figure 13: Schematic of undeformed and deformed shape of “D-shaped” tube from finite 
element analysis. 

Heat Pipes Embedded in Carbon/Carbon 

The leak in the design validation heat pipe was attributed to welding (in air) a 
thermocouple on the heat pipe in the same spot three times. However, the heat-pipe 
design appeared satisfactory and the heat pipe operated as expected. After the design 
validation heat pipe was checked out and was determined to operate as expected, it was 
decided to fabricate three additional heat pipes with the same design. The heat pipes 
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were fabricated and checked out at LANL. The heat 
and tested at NASA Langley Research Center. 


pipes were then embedded in C/C 


mirnf'S 6 c ° ntainers w ere initially coated with a R512E oxidation protection 
S The intent was to put a coating on the heat pipes that would protect the Mo- 
Re from both oxidation and carbon diffusion. However, during the firing (for cleaning 

nnriiv S fo °n f tUbeS f, LANL ’ hie coating began to evaporate. Due to the required 
£2 ?k hCa ^ PC fabncatlon steps > an attempt was made to remove the coating so 
that the evaporated coating would not contaminate the heat pipe during subsequent 
processing. Most of the coating was removed, but as can be seen in Figure f 4, not all the 
heat pipes appeared the same after coating removal. In the top left of the photograph is a 
closeup view of the end of the heat pipes with covers welded over the fill tubes. 

Each heat pipe was wet in after it was charged with lithium. Heat pipe #1 was wet in 

5«0»F Zh 0 S' hTf- with °-°°" lb °L Li ’ pipe #2 was we? in for 70 hours at 

n ms E, n °'?1 u ° f Ll - and heat pipe #3 was wet in for 47 hours at 1650°F with 
U.U18 lb ot Li. After the wet in, each heat pipe was tested to evaluate its operation. 

Heat pipe #1 was heated to a uniform temperature of approximately 2300°F. Since 

S| C ° UPeS t We w n( !l USCd ° n 1116 heat pipes ’ tempera tures were estimated with an 
optical fiyrometen With a temperature of ~2300°F, and an induction heating coil length 

of 1.5 in., a heat flux of approximately 155 Btu/ft 2 -s was calculated. The heat pipe was 
tested a second time and heated to approximately 2200°F. At this temperature, the heat 
pipe appeared fully isothermal with no pool at the condenser end. 



Figure 14: Photograph of the three heat pipes prior to embedding in C/C. 


Heat pipe #2 was initially operated full length at ~2420°F. It was then heated a 
, S ^?". d f time - Portl ons of the heat pipe appeared a different color than other portions of 
the heat pipe due to R512E coating that remained on the heat pipe. The coating modified 
the ermttance, and thus the temperature and appearance. In the condenser section the 
vapor front was not sharp, but instead consisted of ~2-in-long transition. Once the heat 
pipe was fully operational, it was isothermal over approximately 2 ft, with the last ~4 in 
in the condenser cooler due to non condensable gas (NCG) in the heat pipe. There was a 
sharp transition from the isothermal portion (~1830°F) to the cooler, NCG filled region 
^ ?u at P ' Pe W f incr , eased until the temperature of the isothermal region 
6 in long ^ tblS point > the cool gas region at the condenser end was approximately 
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Heat pipe #3 did not operate properly from the very beginning. A hot spot was 
observed on the flat surface of the heat pipe in the evaporator section (under the induction 
heating coils) from the beginning of the heating. The heat pipe was onented such that the 
flat surface was facing upward. The heat pipe did operate full length at -2330 b, but the 
hot spot remained during the entire test. The location of the heat source was moved 
toward the center of the heat pipe a few inches, but a hot spot remained under me coils 
during operation. The heat pipe was then wet in a second time at 1650 F for 72 hours. 
During the next test, the heat pipe started up slightly better, but a hot spot remained under 

the coils. 


Heat pipe #3 was then tilted at an 8° angle to horizontal to assist in the flow of the 
liquid back to the evaporator and the induction coils were approximately 4 in. from the 
end of the heat pipe. The hot spot remained during testing with the condenser elevated. 
The hot spot spread approximately 0.5 in. on each side of the coils, slightly longer on the 
down hill side of the heat pipe. During heating, the hot spot remained nearly constant in 
size, but continued to be hotter than the rest of the heat pipe. The end plug at the 
evaporator also was hotter than the rest of the heat pipe. A pool of liquid lithium existed 
at the condenser end that was -1.2 in. in length. Once the power was turned off, the hot 
spot disappeared almost immediately. The heat pipe then cooled down uniformly. 

Next, an attempt was made to heat the heat pipe in the center. Heating at the opposite 
end was considered, but since the wick was open and covered by a pool of liquid, this 
option must be ruled out. The heat pipe started up without a hot spot. During start up, an 
operational length of -8 in. was hot without a hot spot under the coils. When 
approximately 13 in. on each side of the coils was hot, the vapor front on the condenser 
side (side with open wick) maintained a relatively sharp appearance, while the vapor 
front on the evaporator side (side with closed wick) had a -2 in. long V shaped 
transition region, as shown in Figure 15 (not to scale). Though the vapor front shape on 
the evaporator end was not sharp as desired, there was not a hot spot present. When me 
heat pipe was fully operational, a -1 -in-long pool of liquid was present at the condenser 
end At the evaporator end of the heat pipe, there was an -1 -in-long section between the 
end of the heat pipe and the start of the “V” shaped vapor front. The non-operational end 
at the evaporator end was hotter than the liquid pool at the condenser end, but both were 
cooler than the operational portion of the heat pipe, which was ~1910°F. 


Induction coils 




Evaporator end 


Condenser end 


Figure 15: Schematic diagram showing the different vapor front shapes in heat pipe #3 
(not to scale). 


From the tests on heat pipe #3, it was determined that the most likely problem with 
the heat pipe was a gap between the wick and the flat surface in the evaporator end. 
When the region with the gap was heated, a hot spot resulted because the heat was not 
carried away properly by a fully wetted inner surface. When the region of the heat pipe 
with the gap between the flat surface and the wick was not heated directly, a cool spot 
resulted because of poor liquid interchange between the liquid in the gap and the rest ot 
the heat pipe. 
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After the heat pipes were tested, they were all three embedded in C/C by Carbon- 
Carbon Advanced Technologies, Fort Worth, TX. A carbon preform was previously 
woven by Fibente, Greenville, TX, with “D-shaped” channels using T-300 fibers. The 
fabnc was heat treated at 3000°F. The heat treatment was not performed at as high a 

° f ,ST- d . one because the use temperature of the heat-pipe test article is 
less than 3000 F and higher heat treatment temperatures result in higher modulus fibers. 
For the application here, the lower modulus fibers resulting from the lower temDerature 
heat treatment is preferable. A 0.005-in-thick layer of Grafoil ® (Grafoil® is a registered 
ademark of Union Carbide) was placed between the curved portion of the heat pipe and 
the carbon fibers prior to densification. This was done by bonding the Grafoil® to the 
heat pipes with superglue The purpose of the Grafoil® was to serve as a compliant layer 
to relieve stresses due to the CTE mismatch between the Mo-Re and the C/C. A graphite 
4 , w f 5 used ia tbe densification process to assure proper positioning of the heat pipes, 
i P boto S ra P b tbe tbree beat PiP es in the C/C after densification is shown in Figure 16 
the C/C PPCr Cft C ° mer ° f ^ photograph is a closeup view of ^ end of the heat pipes in 



Figure 16: Photograph of the three heat pipes after embedding in C/C. 


Table 1: Thermocouple Calibration 


Standard thermocoup le, °F 

495.6 

997.4 

1407.1 

1609.2 

1813.3 
2019.6 


Test thermocoup le, °F 

497.8 

1001.4 
1411.9 
1613.2 

1817.4 
2022.1 


Correction, °F 


- 2.2 

-4.0 

-4.8 

-4.0 

-4.1 

-2.5 


The heat-pipe test article shown in Figure 16 was instrumented with 34 tvpe K 
thermocouples The 24 AWG wire thermocouples were sleeved with Nextel® ceramic 
sleeving (Nextel is a registered trademark of 3M). The mounting procedure for the high 
temperature thermocouples is summarized here and detailed in Appendix A. A graphite 
cement frorn Dylon Industries was used to bond the thermocouples to the C/C The 
bonding surface was lightly microblasted with 2-mil-diameter alumina at 80 psi to 
provide a matte surface for bonding. A precoat of 2-3 mils of the cement was then placed 
on the surface and allowed to air dry for 2 hours. The entire part was then heated to 
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260°F in air held for 2 hours, and allowed to cool. The thermocouples were then 
positioned on the part and held in place with Permacel aluminum tape. The same 
graphite cement was then placed over the thermocouples and allowed to air dry tor 2 
hours. The part was then heated to 260°F in air, held for 2 hours, and allowed to cool. 
The aluminum tape was then removed and the final step was to heat the part in air for 2 
hours at 450°F. Figure 17 shows a thermocouple mounted on the curved surface of the 
C/C. At the bottom of the figure can be seen eight thermocouple wires routed from the 

flat surface. 

A thermocouple was calibrated from the same spool of wire that was used for the 
thermocouples bonded to the C/C. The thermocouple was calibrated in a miniature 
furnace with a 392 - 2012°F capability. Though test temperatures were recorded above 
2000°F, the calibration could only be performed to ~2000°F. An isothermal well 
(Inconei/steel block with holes drilled in it) was placed in the furnace. A standard NIST 
calibrated type R thermocouple was inserted in one of the holes in the isothermal well 
and the thermocouple to be calibrated was inserted in the other hole. The other ends or 
the thermocouples were referenced to a 32°F ice point. At each temperature set point, a 
stable voltage (±1 (iV) was maintained for 30 minutes prior to recording the voltage 
output. A HP 3457 A digital multimeter was used to measure the output to within ±1 pV. 
ITS 90 thermocouple tables were used to convert the voltages to temperatures. The 
calibration curve comparing the standard NIST type R thermocouple with the type K 
thermocouple like those used during testing on the C/C is shown in Table 1. 



Figure 17: Photograph of thermocouple on the curved surface of the carbon/carbon. 
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Heat pipe #3 
Heat pipe #2 


Figure 18: Schematic drawing showing location of thermocouples on the flat surface (not 
to scale) (x = ±1/16 in.). 


As mentioned previously, 34 thermocouples were bonded to the test article. The 
location of the thermocouples on the flat surface are shown in Figure 18. The 
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wa « under ophite cement and thus its location was measured 
y t h ' n , ±1/ ( l6m ' Thermocouples No. 33 and 34 are on the side with the curved 
f th f. heat PiP es [ see Fl g ure 17 ) and are located opposite thermocouples No. 3 
and 6, respectively^ The thermocouples are positioned such that they are centered axially 

rrr No h q e f^ 1P Th T ^u No ' 1_8, a j ld 17 ^ 2) and in the s P ace between two of the heat pipes 
^ ' fX}' , Th f therm °couples are located approximately 4 in. apart except at the fill 
tube end of the heat pipes where the spacing is approximately 3 in. 

i T , he t ® stin g wa s performed in a 5 ft diameter by 5 ft long vacuum chamber at NASA 
Langley Research Center using quartz lamps. Prior to initiation of a test, the vacuum 
level was usually in the 10 torr range. During testing, the vacuum level was usually 

ou?gasTng d m he 10 t01T ranSC ’ bUt W3S in thC 10 tOIT fange during times of significant 


■ Quartz lamp fixture, 
^center or end of specimen 



Vacuum chamber 


Rigid insulation board 


wr> 


ibrous 

insulation 


■ Quartz lamps, 

2.5-in. long, 
parallel to heat pipes 


C/C heat pipe 
specimen 


Figure 19: Schematic drawing of test setup. " 

, A schematic drawing of the test setup is shown in Figure 19. The test article was 
eaed either m the center or near the end, as shown in the figure. A total of twelve -0.95 
Btu/s 0 kW) quartz lamps were used, with six heating the upper surface and six heating 
the lower surface The lamps, 2.5-in-long halogen cycle lamps, were oriented parallel to 
the heat pipes and thus the heated length of the heat pipes was 2.5 in. Four of die lamps 
we , re f . located over the sides of the heat-pipe test article (each side, both top and bottom) 
and thus did not contribute significantly to the heat flux, but did help maintain a constant 
heat flux across the width of the test article. Fibrous insulation and rigid insulation board 
were used for all except the first test to insulate the test article. The insulated test article 
and the heating fixtures were all placed in the vacuum chamber. (A more detailed 
schematic drawing of the quartz lamp heating fixture region is shown later in Figure 23). 

Steady State 

During the first test, the heat-pipe test article was centered under the heaters and the 
unheated portion was completely uncovered and radiated to the inside walls of the 
vacuum chamber. As a result of the radiation heat losses from the test article and the 
limited heat input, the heat pipes never reached operating temperatures. 

a t to F K° m i P °f t6St eval V atlon of the . test article, it appeared that the graphite cement 
baching the thermocouples was a major source of outgassing that occurred during the 
test. 1 he rows of thermocouples to the right of the centerline (TC #4, #12 #20 and #281 
were located underneath the water-cooled fixture. As a result of the outgassing of the 
graplnte cement, the fixture was much more discolored than the other side which was not 
located over a row of thermocouples. Cracks were evident in the graphite cement 

attached 8 ^ thermocouples that had been heated > but the thermocouples remained 
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Due to the inability to heat the heat pipes to a level where they began to function as 
heat pipes, it was decided to insulate both surfaces of the heat-pipe test article outside of 
the heated zone. The test article was insulated with approximately 2 in. of ceramic 
insulation board as shown in Figure 20. The insulation board was baked out for 
approximately 2 hours at 1000°F prior to use. The photograph in Figure 20 shows the 
water-cooled quartz lamps fixture in the center of the test article and insulation 
surrounding the rest of the test article. Fibrous Saffil® (Saffil is a trademark of Imperial 
Chemical Industries PLC for alumina fiber) insulation (not baked out) was placed 
between the C/C and the rigid insulation board since the heat-pipe test article, with 
thermocouples and a non-flat surface, did not conform to the flat insulation board. The 
Saffil® and insulation board were held in place with four pieces of stainless steel wire. 
Though the photograph does not show it, the heated center portion of the test article was 
also insulated on the sides. The heat-pipe test article was insulated and positioned in the 
heating fixture prior to placing the entire test apparatus in the vacuum chamber. In 
addition to adding the insulation, the vacuum chamber was modified by placing a large (~ 
2 ft x 2 ft) cold plate in the chamber for the purpose of condensing gases resulting from 
outgassing. The quartz lamps were centered between the thermocouples near the middle 
of die test article. 



Figure 20: Photograph of the insulated C/C heat-pipe test article. 



Figure 21: “Steady state” temperatures for each heat pipe (Test 2). 

The test article was heated to full power over a time span of approximately 7 hours. 
Isothermal operation of the heat pipes was obtained, but not over the full length of the 
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heat pipes. The output from the quartz lamps was approximately 9.5 Btu/s (-10 kW) 
However, not all 9.5 Btu/s entered the C/C heat pipe test article. The “steady state” 
temperature distributions on the C/C over each of the heat pipes are shown in Figure 21 
The term “steady state” is used, but actually, since the testicle wasTnsltedTtnie 
steady state was not obtained. The time required to obtain true steady state conditions 
wou be quite large. “Steady state” is used to describe the condition where only very 

TheYh^nrirf 65 “i tem P erature were occurring due to the boundary effect of the insulation^ 
he thermocouples closest to the center of the heat pipes were located underneath the 
water-cooled heating fixture. Due to radiation to a water cooled boundary, those 
fip,^° C H UP t eS dld ^ 0t V Tu l meanin S ful temperatures and are thus not included in the 

#f w!' H fh P1PC ? #1 and V Were lsothermal over a length greater than 20 in. Heat pipe 
^was isotheraul over a shorter length than the other two heat pipes. Heat pipe #2 was 

not entirely isothermal during checkout of the heat pipe prior to embedding it in the C/C 

° n l t he checkout of the heat pipes). As was mentioned earlier, it 

(NCG)in dbe he t tem P eratures on this heat pipe were due to non condensable gas 



Figure 22: Photograph o^f die heat-pipe test article with insulation pulled back to show 



Water-cooled fixture 


Quartz 
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Saffil 


iumu 

ftttrttr 
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x = 0.0 0.5 2.25 3.0 4.75 6.5 6.9 

Figure 23: Schematic drawing of the positioning (units of inches) of" the thermocouples 
relative to the water-cooled fixture (not to scale) (x = ±1/16 in.). 
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The heat-pipe test article was later removed from the vacuum chamber. The 
insulation was pulled off the test article, as shown in Figure 22, and the test article was 
inspected. The C/C in contact with the Saffil® insulation had a grayish tone versus the 
original black color. The C/C under the quartz lamps (not in contact with the Saffil ) still 
appeared black, and even looked slightly charred. The Saffil insulation in contact with 
the C/C had a gray color, as can be seen at the top of the figure. The graphite cement 
mounting the thermocouples was cracked, but the thermocouples remained attached to 

the C/C. 

The heat pipe was positioned within the heating fixture such that the heat pipe was 
heated at one end of the heat pipe. TC #1 (x = 2.9 in.) was located inside the heated 
region (2.25 in. < x < 4.75 in.) in order for TC #2 to be outside the heated region, as 
shown in Figure 23. Saffil® insulation was placed between the heat-pipe test article and 
the water-cooled fixture to reduce the heat loss radiated to the water-cooled fixture. 

The heat-pipe test article was heated over a time period of approximately 2 hours. 
Figure 24 shows the temperatures at x = 23.3 in. (TC #6, #22, and #30) as a function of 
time Over most of the temperature range after the heat pipes started operating, heat pipe 
#2 was significantly cooler than heat pipes #1 and #3. However, once the higher 
temperatures were reached, heat pipe #2 temperatures experienced a sudden increase to 
the range of the other two heat pipes. 



Figure 24: Temperatures at x = 23.3 in. (TC #6, #22, and #30) as a function of time for 
each of the three heat pipes (Test 5). 

After a few minutes at the maximum heat flux attainable with the quartz lamps, one 
of the quartz lamps failed and the test was stopped. Figure 25 shows the temperatures at 
the maximum heat flux levels just prior to the bulb failure. The temperatures were not 
yet steady state as they appeared to be slowly increasing. The temperature ot the 
thermocouples under the quartz lamps are also shown in Figure 25. 

Temperature distributions on the C/C over each of the three heat pipes are shown in 
Figure 26 at two different heat flux levels. The dashed lines represent the “steady state 
temperatures with a voltage of 130 V. The “steady state” temperatures represented by the 
solid lines are with a voltage of 180 V. The first thermocouple outside of the heated 
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fmure ^eaTnine^/l 1 WaS T °Pf atin g P ro P erl y and is thus not shown on the 

Ii?t V i at •? ? , #1 arid #3 were reIatlvel y isothermal over a significant length of the 
est article, with heat pipe #3 isothermal over a slightly longer length. Heat pipe #2 

owever, again demonstrated less capability than heat pipes #1 or #3. At the 130 V level 
S{L« was isothermal over a shorter length than the other two heat pipes. At the 
if® V h ’ hCat ^ ipe f 2 temperatur es were still lower than those of the other two heat 

d ° rae ' Sha P ed di ^»uUo„. This is unlike the temperature 



Figure 25: 


“Steady state” 
(Test 5). 


temperatures for each heat pipe in the horizontal orientation 



Position, in. 


Figure 26: Heat-pipe-temperature (on C/C) distributions in the horizontal orientation 
(lest 6). 
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After a “steady state” condition had been maintained at 130 V, the voltage was 
increased to 180 V. Figure 27 shows the transient temperature from each of the 
thermocouples over heat pipe #3 prior to and after the increase in voltage The two 
thermocouples furthest from the heaters at x = 27.4 in. and x = 30.0 in. are labeled in the 
figure. The temperatures at the remaining locations were relatively isothermal and are 
not labeled. As can be seen in Figure 27, the temperatures along the entire length of the 
heat pipe (even at x = 30.0 in.) increase together. This type of behavior is to be expected 
for a heat pipe. However, for heat pipes embedded in C/C, differences in thermal 
resistance (such as contact resistance) would result in different rise times for the 
temperatures at different locations. Thus the results shown in Figure 27 indicate that the 
thermal resistance between the heat pipe and the C/C was consistent along the entire 
length of the test article. 
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Figure 27: Temperature distribution while transitioning from one steady state condition 
to another steady state condition in the horizontal orientation (Test 6). 

Though most of the testing was performed in the horizontal orientation, testing was 
also performed with the heat pipes vertical, heated at the top. The test rig with the heater 
at the top and insulated heat pipe used for the vertical testing are shown in Figure 28. 
The “steady state” temperature distribution for each of the heat pipes in both the vertical 
and horizontal orientation is shown in Figure 29. The voltage was 180 V in both tests. 
Heat pipe #2 had a dome-shaped temperature distribution, with the temperatures near the 
heated region lower than those near the center of the heat pipe. The temperatures of the 
vertical heat pipes were slightly higher than the horizontal heat pipes near the heated 
region However, at the condenser end of the heat pipes, the vertical heat-pipe 
temperatures were significantly lower than the horizontal temperatures. Though the 
voltage to the quartz lamps was the same in both tests, different amount of outgassing 
products collected on the quartz lamps reflector or slightly different insulation geometry 
around the heat pipes may have had an influence on the heat-pipe temperatures. In both 
tests, the thermocouples in the heated regions indicated similar temperatures, indicating 
that the heat input was not significantly different. 
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Figure 28: Photograph of the test rig and insulated heat pipe for vertical testing. 


Temp., 



Position, in. 


Figure 29: Comparison of “steady state” temperature distributions (180 V) over each heat 
pipe in both the vertical and horizontal orientation (Test 7&10). 
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Startup From The Frozen State 

Start-up of the heat-pipe test article was performed over a time of 30 min. with the 
heat pipes in both the vertical and horizontal orientations. The voltage to the quartz 
lamps was increased to 1 80 V in six unequal steps. The voltage was maintained at the 
maximum level of 180 V until a relatively steady state was obtained. 



Figure 30: Start-up temperature distributions on heat pipe #1 in the horizontal and 
vertical orientation. 

The transient temperatures over heat pipe #1 in both orientations are shown in Figure 
30 for each of the eight thermocouples. The solid lines represent the horizontal 
orientation and the dashed lines represent the vertical orientation. The first thermocouple 
(TC #1) was located under the quartz lamps and thus responded much quicker and 
experienced higher temperatures. Though some difference can be seen in the horizontal 
and vertical temperatures under the heaters (TC #1), they are similar, indicating similar 
heat inputs. The thermocouple next to the heated region (TC #2) did not operate properly 
during a portion of the horizontal test. As a result, its temperatures are shown only 
during the early stages of the test. The sharp increase in temperatures as the heat-pipe 
operating length increased down the length of the heat pipe can be seen. At “steady 
state”, the heat pipe was operating isothermally over a greater length in the horizontal 
orientation than in the vertical orientation. However, during the startup, the horizontal 
and vertical heat-pipe temperatures were similar. It was only at the higher heat fluxes 
and at the condenser end of the heat pipes that the vertical heat-pipe temperatures began 
to lag the horizontal heat-pipe temperatures. Away from the condenser end of the heat 
pipe as the heat pipe was starting up, the temperature rise was steeper for the vertical 
heat pipe than the horizontal heat pipe. This can be observed by noting that the vertical 
heat-pipe temperature rise starts after the horizontal heat-pipe temperature rise, but levels 
off prior to the horizontal heat-pipe temperatures. 

The temperatures over heat pipe #3, the center heat pipe in the test article, can be seen 
in Figure 3 1 in both the horizontal and vertical orientation. The thermocouple next to the 
heated region (TC #2) did not operate properly during a portion of the horizontal test. As 
a result, its temperatures are shown only during the early stages of the test. The 
temperatures are similar to those in Figure 30, except that the isothermal length was 
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slightly longer. Figure 32 shows the temperatures over heat pipe #2 during the start up. 

eat pipes #1 and #2 were on the sides of the test article, sandwiching heat pipe #3 
between them. That may contribute to the fact that the middle heat pipe (heat pipe #3) 
was, in general, isothermal over a longer length than either of the two heat pipes on the 



Figure 31: Start-up temperature distributions on heat pipe #3 in the horizontal and 
vertical orientation. 



Figure 32: Start-up temperature distributions on heat pipe #2 in the horizontal and 
vertical orientation. 

Each of the heat pipes had a 5-mil-thick sheet of Grafoil® between the heat pipe and 
the C/C on the curved surface of the heat pipe. On the flat surface, which is the heated 
surface on an actual leading edge, no Grafoil® was used in an effort to minimize the 
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thermal resistance. Figure 33 shows the transient temperatures at x = 10.8 in. and x - 
23.3 in. on both the flat (no Grafoil®) and curved (with Grafoil®) surfaces with the heat 
pipes in the horizontal orientation. At x = 10.8 in., the temperature of the surface with no 
Grafoil® increased faster than the surface with Grafoil between the heat pipe and the 
C/C. That was as expected since the Grafoil® should result in increased thermal 
resistance. However, at x = 23.3 in., the surface with no Grafoil between the C/C and 
the heat pipe increased slower than the surface with the Grafoil . The difference in 
thermal response at the two locations was also present in other horizontal tests and with 
the heat pipes in the vertical orientation. 



Figure 33’ Comparison of temperature rise with and without 5-mil-thick Grafoil 
between heat pipe #1 and the C/C with the heat pipe in a horizontal orientation 

(Test 7). 

Non Destructive Evaluation 

Non destructive evaluation of the C/C heat-pipe test article was performed prior to 
testing and after testing. Prior to testing, radiography was performed on the as fabricated 
test article. Figure 34 shows an X-ray of the heat pipes embedded in the C/C prior to 
testing. Arteries, with outer diameters measured between 0.135 in. and 0.160 in. (design 
diameter of 0.1 in.), can be seen in each heat pipe. Due to the angle of the X-ray, the 
arteries (centered at the top, curved portion of the heat pipe) appear not to be located in 
the center of the heat pipes. The straight heat pipes also appear to be curved, though they 
are straight. The X-ray revealed several areas of lower density, as indicated in the figure. 
The lower density areas result in less X-ray attenuation, and thus darker images. The 
thinner tube cross sections could be the result of the tube drawing or the sandblasting 
removal of the R512E coating. 

Additional radiography was performed on the heat pipes after testing. The distance 
between the heat pipes was measured from the X-rays, and found to be slightly different 
between different heat pipes. The distance between the heat pipes varied along the 
length, but was approximately 0.075 in. and 0.085 in. One gap was noticeably (-0.010 
in.) wider than the other gap. The spacing was to have been 0.040 in, indicating that the 
gaps were approximately twice the design gap. 
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Figure 34: 



X-ray of the three heat pipes embedded in C/C showing the arteries 
pipe and areas of less attenuation. 


in the heat 


Figure 35 shows a side view X-ray of the C/C heat-pipe test article. The test article 
was aligned with a laser prior to the radiography. This alignment helped to obtain as 
accurate a reading as possible for the C/C thickness. However the thickness 
measurement is still only an estimate. From this view, the thickness of the C/C over the 
heat pipes was estimated to be -0.035 in. This thickness compares favorably with the 

tht i 8 h thlckn ^ s of °- 040 in - An y misalignment between the X-ray and the flat surface of 
the tubes would increase the C/C thickness, thus implying a C/C thickness of at least 0.35 



Figure 35: 


Side view X-ray of the heat-pipe test article on end showing the 
wires and the C/C embedding the heat pipes. 


thermocouple 


surf^e^of^h^r/r ^Th^^HH 110 ^ 685 Were als ° P erformed on both the flat and curved 

th™ m • i ' Th ddy f urrent measurements provide more accurate thickness data 
dian the visual measurement from the X-ray. A 100 kHz EM6300 tester was used with 
an unsupported pancake probe. Table 2 lists the results from the eddy current tests The 

Gtfoil^n ,h‘ ab ' e ar V he J hiCkne f 0f ,he C/C *>" •>* "a. surface and “he C/C Ld 
Grafoil on the curved surface. Any gaps would also be included in the thickness 

measurements. The different thicknesses may also be due to irregularities in processing 
or tooling. It ,s uncertain what the effect of the screen wick is on the SS 
measurements. However, the screen is uniform over the entire length and would 
contribute at most 0.002 - 0.003 in. to the overall thickness. 


the thicknesses alon g the len gth of each heat pipe. As in 
table 2, the thickness of the container is not included. A disbond or gaD aonears to he 
present on the flat surface of the center heat pipe (HP #3) at locations x = 3 3/4 in. Ldx 

bv tanning o^Jhi W n * It haS&d T ^ largtT thickness *e sound generated 
by tapping on the C/C. On the same heat pipe, at x = 17 in. and x = 22 1/4 in., die sound 
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generated by tapping did not indicate a disbond. On the curved surface of heat pipe #1 at 
x = 30 in, tapping on the C/C indicated a potential disbond. 


Table 2: Eddy Current “Lift-off’ Test Thickness 



Curved 

surface, in. 



Flat 

surface, in. 


X 

HP #1 

HP #3 

HP #2 

X 

HP #1 

HP #3 

HP #2 


0 049 

0.053 

0.052 

3 3/4 

0.045 

0.058 

0.048 


0.049 

0.053 

0.052 

7 1/2 

0.045 

0.058 

0.048 

10 

0.053 

0.053 

0.054 

11 1/2 

0.043 

0.050 

0.047 

15 

0.053 

0.055 

0.051 

17 

0.042 

0.058 

0.048 

20 

0.051 

0.054 

0.052 

22 1/4 

0.043 

0.059 

0.049 

25 

0.054 

0.055 

0.053 

26 1/4 

0.042 

0.050 

0.047 

30 

0.062 

0.053 

0.055 







Figure 36: Plot of thickness data (less heat-pipe container) from eddy current tests. 

During testing, heat pipe #1 appeared to operate the best and have consistently high 
steady state temperature distributions. That is consistent with Figure 36, which indicate 
the thinnest C/C is over the flat surface of heat pipe #1. However for heat pipes #2 and 
#3, the thickness and temperatures did not always correlate. This may bedueto the 
differences in the heat-pipe operation, i.e., presence of NCG, or from the fact that the 
entire test article was insulated. 

Both the thickness of the C/C and the distance between heat pipes was larger in the 
actual test article than in the design. One technique to approach the design thickness and 
heat-pipe spacing is to put additional Grafoil® on the curved surface between the heat 
pipe and the C/C The Additional Grafoil® would “tighten up” the carbon prefonn since 
die insert (heat pipe and Grafoil®) would be larger. The effect would be thinner C/C and 
closer spaced heat pipes. 
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Concluding Remarks 

testertowMdthisgoaT'" 1 PaPer dlSCUSSes several hea ‘ P'!* 5 fabricated and 

temreraure of 24 S m^ d H eat pipe Wa f fabricated and successfully operated up to a 

SS- = ms sMfciSs 

and no thermocouples are welded on the heat pipes. matenal, 

and^mbed^d^nC/C 8 heat P ipe ’ three additional heat pipes were fabricated 

fe e ste , r ne t d h Pri0r l ° T beddin g in ^C S The^/^tes^artic^^ith^e 1 ^ee'heL^pij^s was 
^ulation^ P s r^uire^around heat losses^ 

frozen state numerous times. Both start up and steady state data ^e Resented 

nnprltV^Th demonstrated that heat pipes can be embedded in C/C and successfully 
fh P pjp d ’ Thou g h the contact resistance across the interface between the heat pine and 

Was n ° tthOU 8 ht to be ^cant based on rltivelyunffo^ 
surface temiwranire 8 . However, insulating the test article could also contribute to the 

M ^dS&ZSSoc JT "° n “ve evaluation p-faSdSte “stag 
Zv Sk i . ■ C/C Sickness. One potential disbond area was identified but 

any of the thickness variations may be due to processing or tooling irregularities. ’ 
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Appendix A: Surface Preparation and Installation of High- 
Temperature Thermocouples 


Installation Materials 

1. Thermocouple, type: “K”, Omega part No. XC-K-24 (AWG #24, lead wire length 
will be determined by the test set-up requirements) 

2. Thermocouple connectors, type: “K”, Omega part No. NMP-K-MF (includes male & 
female connector pairs) 

3. Thermocouple junction and leadwire hold-down cement, type: Dylon, Grade GC 
Cement 

Surface Preparation 

1. After determining the exact locations for the thermocouple junctions and the lead 
wire routing along the surface of the test article, spots for securing the junction and 
the wiring to the surface should also be determined. 

2. Mask and micro-sandblast these spots with 2-mil diameter A1 2 0 3 abrasive powder. 

3. Remove the masking tape and eliminate any sandblast residue using clean, dry shop 
air. Note: When this ceramic cement is to be applied to an uncoated carbon/carbon 
test article, the test article must first be dried by heating it to 225°F and holding it at 
that temperature for one hour. 

4. Once the test article is dry and at room temperature, apply a basecoat of the Dylon 
GC cement to all micro-sandblasted spots on the test article surfaces. This coating 
should be kept as thin as possible, i.e., approximately 0.002-in. to 0.003-in. thick. 

5. Allow the basecoat to air dry for two hours. Then, place the test article, with the 
basecoated spots, in a temperature chamber and slowly raise the temperature to 275°F 
and hold the test article at this temperature for 2 hours. The temperature rise should 
not exceed 4°F/minute. 

Installation 

1. Once the basecoat has been cured, place the thermocouple lead wires along the 
predetermined routes of the test article surfaces with the thermocouple junctions 
appropriately positioned. The thermocouple junctions and their lead wires should 
now be taped down adjacent to the basecoat spots. Permacel brand aluminum tape 
works well. 

2. Next, apply a coat of the Dylon GC cement over the thermocouple junctions and lead 
wires at the previously precoated spots. Note: It is important to maintain a low 
profile with the ceramic cement. Keep the amount of cement over the thermocouple 
lead wires and junctions at a minimum. 

3. Allow the cement to air dry for 2 hours. 

4. Place the test article in the temperature chamber and slowly raise the temperature of 
the test article to 275°F. Hold the test article at this temperature for 2 hours. The 
temperature rise should not exceed 4°F/minute. 

5. Cool the test article and inspect the bonded areas making certain that there are no 
micro-cracks or debonding of the cement. The test article is now ready for final 
curing. 

6. Final curing is achieved by placing the test article in the temperature chamber and 
slowly raising its temperature to 450°F. Hold the test article at this temperature for 2 
hours. 

7. Finally, cool the test article and perform a final inspection. The thermocouple 
installations should now be ready for service to test temperatures of 2500°F. 
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